of monoclonal antibodies directed against proteins that
al., 1998). Two major forms of amphiphysin have been motifs on the surface of the pathogen, or through Fc identified: amphiphysin I, which is expressed primarily and complement receptors after opsonization of the in the brain, and amphiphysin II, which is ubiquitously pathogen (Janeway, 1992). Phagocytic receptors stimuexpressed (Butler et al., 1997). late the polymerization of actin at the point of particle
We raised a panel of monoclonal antibodies directed contact, membrane extension around the particle, and against proteins that associate with phagosomes in subsequent particle internalization (Aderem and Unmacrophages (Morrissette et al., 1999) . One of these derhill, 1999). Although it is clear that this process is antibodies, M8D10, recognizes a novel isoform of amtightly regulated, the molecular mechanisms that control phiphysin II, which we have called amphiphysin IIm. We actin polymerization and membrane recruitment to the report here that a mutant form of this amphiphysin lacking forming phagosome remain largely unknown. the SH3 domain, AmphIIm
SH3Ϫ
, cannot bind to dynamin.
Cells have evolved a variety of strategies to internalize
Further, we show that expression of AmphIIm SH3Ϫ in macparticles, including receptor-mediated endocytosis and rophages significantly impairs phagocytosis at the stage phagocytosis (Aderem and Underhill, 1999). Receptorof membrane extension. mediated endocytosis, the process by which macromolecules and small particles enter cells, is mediated by Results clathrin while phagocytosis, the uptake of particles Ͼ0. were severely nized particles), the complement receptor (C3bi-opsonized particles), and a variety of receptors that recognize inhibited in receptor-mediated endocytosis as determined by the uptake of DiI-labeled acetylated LDL in specific sugars (zymosan, a Saccharomyces cerevisiae cell wall particle). Phagocytosis initiated by these differmacrophages ( Figure 3B ), demonstrating that this mutant acts as a dominant-negative inhibitor of amphiphyent receptors utilize some common and some unique cytoskeletal elements (Allen and Aderem, 1996). Amphisin II function. We used the AmphIIm SH3Ϫ mutant to investigate the feron-␥ (IFN␥)-induced upregulation of MHC class II, demonstrating that these cells are capable of both role of amphiphysin II in phagocytosis. Both epitopetagged full-length amphiphysin IIm and AmphIIm SH3Ϫ lo-IFN␥-induced protein synthesis and trafficking of the newly synthesized protein to the membrane (data not calized to phagosomes with the same kinetics as actin ( Figure 3C ). This demonstrated that the SH3 domain of shown). amphiphysin II is not required for its localization to the site of particle binding and established that the mutant is correctly localized to exert an effect on phagocytosis.
Amphiphysin IIm Acts at the Stage of Membrane Extension Further, as predicted by the biochemical data above, dynamin 2 was not enriched at the site of particle bindTo determine the point at which phagocytosis was arrested, AmphIIm at 37ЊC, the pTIGZ2 control cells had internalized ‫%09ف‬ of the particles ( Figure 5C ; Table 1 ). In contrast, Ͻ30% The defect in phagocytosis was not due to an effect of AmphIIm SH3Ϫ on the level of phagocytic receptors, of the particles associated with the AmphIIm SH3Ϫ -expressing cells were internalized ( Figure 5D ; Table 1) , since transfected cells expressed normal cell surface levels of Fc receptors (CD16 and CD32) and C3bi recepand, most importantly, the small membrane pedestals never extended around the particles. tors (Mac-1) (data not shown). In addition, particle binding at 4ЊC was also unimpaired (data not shown). Cell Phosphoinositide 3-kinase (PI3K) is an important regulator of macrophage phagocytosis, and inhibition of viability and other actin-based processes were unaffected by the expression of the mutant, since RAW-PI3K causes incomplete phagosome closure (Araki et al., 1996; Cox et al., 1999), a phenotype very similar to TT10 cells expressing AmphIIm SH3Ϫ polymerized actin at the site of particle binding ( Figure 3C ) and spread that observed in cells expressing mutant amphiphysin. Interestingly, treatment of macrophages with wortmannormally in response to phorbol esters (data not shown). In addition, mutant amphiphysin had no effect on internin, a PI3K inhibitor, prevents the recruitment of amphi- 
Discussion
We have demonstrated that a novel isoform of amphiphysin II associates with early phagosomes and that a dominant-negative mutant of this protein blocks phagocytosis by preventing membrane extension around the particle. The fact that inhibition of amphiphysin IIm function prevents phagocytosis mediated by a range of receptors suggests that it has a general role in particle internalization.
The amphiphysins are a family of proteins that have a role in receptor-mediated endocytosis (Wigge and McMahon, 1998). To date, two genes have been defined that encode amphiphysin I and amphiphysin II. Amphiphysin I, which is found exclusively in the brain, contains for clathrin and AP-2, but it is not known whether they however, the cells fail to extend membrane around the lack of these targeting domains, amphiphysin IIm localizes to phagosomes, and a dominant-negative form of particles. This inhibition suggests that there is a defect in membrane insertion into the forming phagosome; since the protein inhibits particle internalization and endocytosis. Although the dominant-negative mutant of amphiAmphIIm SH3Ϫ has no effect on IFN␥-induced upregulation of surface MHC class II molecules, the inhibition physin IIm lacks the SH3 domain, it localizes to phagocytic cups, suggesting that the phagosomal targeting appears to be selective. RAW-TT10 cells, a clone of the RAW 264.7 (ATCC) cell line that mRNA was generated from total RNA by passage over oligo dT stably expressed the tetracycline transactivator (Gold et al., 1999; columns (Message Maker, Pharmacia). mRNA (2 g) for each sample Underhill et al., 1999), were transfected with either V5 epitope-tagged was electrophoresed on a 1% agarose/formaldehyde gel and transfull-length amphiphysin IIm or V5 epitope-tagged AmphIIm SH3Ϫ . ferred to Hybond (Amersham). This Northern blot was hybridized Eighteen hours after transfection, the cells were lysed on ice into with a randomly primed probe generated from the full-length amphilysis buffer (50 mM HEPES [pH 7.4], 100 mM NaCl, 1% Triton X-100) physin IIm cDNA (Prime-It II, Stratagene) using standard techniques with protease inhibitor cocktail (Sigma, P8340) by rocking at 4ЊC for and exposed to Biomax MR film (Kodak) for 2 days. 15 min, followed by scraping. Lysates were spun at 18,000 ϫ g at 4ЊC for 15 min. An aliquot of the supernatant was set aside, and the rest was incubated with 1 l of anti-V5 antibody (Invitrogen) for 1 DNA Expression Vectors hr at 4ЊC with rotation, then with 50 l of protein A Sepharose (Sigma) Amphiphysin IIm was amplified from a murine thioglycolate-elicited for 1 hr at 4ЊC with rotation. The beads were washed three times in peritoneal macrophage library (Stratagene) using the following lysis buffer, and the protein was eluted in sample buffer by boiling. primers: 5Ј-CAGGATGGCAGAGATGGG and 3Ј-CGTCACTGTACCC The samples were run on a 10% SDS-PAGE acrylamide gel. Proteins GCTCTG. The resulting 1.2 kb product was gel purified (Qiagen gel were transferred to PVDF membrane (Millipore) and blocked overpurification kit) and cloned into pcDNA3.1 zeo (Invitrogen).
night at 4ЊC in 10% nonfat dried milk in PBS. Membranes were AmphIIm SH3Ϫ was generated by amplifying base pairs 1-939 of incubated for 1 hr at RT with either the anti-dynamin 2 antibody the macrophage-specific amphiphysin isoform (5Ј primer, GGCGGA Dyn2 ( 
